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TECHNICAL MEMORANDUM TM X-64566 
INVESTIGATION O F  FATIGUE PROBLEM 
ULTRASONIC BONDING O F  ALUMINUM WIRE 
IN 1 -MIL DIAMETER THERMOCOMPRESSION AND 
Felminio Villella and Michael F. Nowakowski 
SUMMARY 
The fa i lure  mode discussed in  this memorandum is presented 
with the objective of enabling the engineer and des igner  to become as 
fami l ia r  as possible with fatigue fa i lure  that involves bond reliabil i ty 
as related to tempera ture .  It i s  estimated by  s o m e  authorit ies that 
90 percent  of all fatigue fai lures  a r e  not caused by faul ts  i n  the ma te r i a l  
i t se l f ,  but by  faulty detail  design, imprope r  handling equipment, o r  
Lack of adequate inspection. 
Exhaustive t e s t s  a r e  requi red  to  de te rmine  the fatigue strength 
of 1-mi l  aluminum (Al) wi re  thermocompress ion  ( T .  C . )  wedge or 
ult rasonical ly  bonded to a sil icon chip; however,  i t  is known that abrupt  
changes i n  c ross -sec t ion ,  due to the bonding operation, cause a 
significant reduction in  fatigue strength.  
sectional area i s  found a t  the heel of the bond, and meta l  fatigue caused 
by thermal  deformation usually b reaks  the wi re  a t  th i s ,  the weakest 
point. 
Such a change i n  c r o s s -  
SECTION I. INTRODUCTION 
The  purpose of this memorandum is to i l l u s t r a t e  the f a i lu re  mode 
caused by the rma l  deformation and how i t  affects bond integrity.  
and ul t rasonic  bonding i n  smal l - s igna l  1-mil  d i ame te r  Al  wi re  t r a n s i s t o r s  
is the subject of this work.  Repeated switching of the t r a n s i s t o r  between 
high and low power, a t  a r a t e  that allows the rma l  expansion and cont rac-  
tion in  the interconnecting w i r e ,  causes  the wi re  to flex a t  the point of 
reduced c r o s s  sect ion until finally the wi re  b reaks  due  to metal  fatigue. 
It was noted that the the rma l  deformation was related to many f ac to r s  
such as  t r a n s i s t o r  power dissipation, cu r ren t  densi ty  in  the wire ,  w i re  
d r e s s  and length, thermal  t ime constant,  and frequency of operation. 
Wedge 
To verify the existence of these f ac to r s ,  t he rma l  analyses  a t  
var ious working conditions w e r e  conducted i n  ac tua l  t r a n s i s t o r s ,  and 
analyses  with the Scanning Electronic  Microscope (SEM) w e r e  performed.  
The  effects of w i re  d r e s s  w e r e  investigated using a wire  connected 
between two posts ,  subjected to various combinations of cu r ren t  density 
and cycling t ime.  Based upon the r e su l t s  of these t e s t s ,  i t  was possible 
to establish to what extent t he rma l  fatigue influences the reliabil i ty of 
t r a n s i s t o r s  using 1-mil  Al  w i r e  T .  C .  wedge or ul t rasonic  bonded. The  
fa i lure  mode was identified as  cracking and separat ion of the bond wi re  
a t  the heel  of the bond. 
Subsequent to the identification of the fa i lure  mode, i t  was 
determined that the mode could be eliminated by changing the type and /o r  
s i z e  of the interconnecting lead wire  and changing the method of bonding 
to eliminate the necked -down condition. 
In  Apri l  1969, a screened 2N2222A t r a n s i s t o r  with date  code 
6807, f a i l ed  i n  the Electronic  Control Assembly  (ECA), Ignition 
Phase  T i m e r  during testing, p r i o r  to  hot firing of a 3-2  engine a t  the 
Rocketdyne engine t e s t  stand. The t imer  was removed f rom the ECA 
and analysis  showed that the 2N2222A t r a n s i s t o r  was open between base 
and e m i t t e r .  
and visual inspection revealed that the base  interconnecting l ead  w i r e  had 
f rac tured  a t  the heel  of the T .  C .  wedge bond to the semiconductor chip. 
(See f igure 1. ) 
The  failed t r a n s i s t o r  was decapped b y  the manufacturer ,  
To investigate fu r the r ,  MSFC conducted a study of the problem, 
i t s  causes ,  extent, and the possible screening t e s t s  and inspections.  
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SECTION 11. INVESTIGATION CRITERIA 
A. FAILURE MODE 
Since the fa i lure  was mechanical  in  nature ,  namely  cracking 
and separat ion of bond wire  a t  the heel of the bond, i t  was believed 
that accelerated s t r e s s  testing such a s  power cycling was the bes t  
approach to evaluate bond integri ty ,  and to duplicate the fai lure  mode 
and mechanism of the failed t r ans i s to r .  
MSFC conducted power cycling t e s t s  a t  maximum rated power 
of the device with a collector cu r ren t  of 50 mA and repeti t ion r a t e s  
below 1 Hz on a sample  of seven t r ans i s to r s  T .  C 
t r ans i s to r s  f a i l ed  catastrophically.  
decapped and  analyzed with a SEM. 
not failed revealed that the A l  interconnecting leads were  great ly  reduced 
i n  c ross -sec t iona l  area a t  the heels of the bonds. Examination of the 
failed bonds showed that the separat ion occurred a t  the reduced c r o s s  
section. 
in the a r e a s  of separat ion indicated a fatigue f r ac tu re  mechanism a s  
descr ibed in  Motorola repor t ,  "Frequency-Power Dependence of 
Mechanical Fa i lures  in  Trans i s to r  Bonding Wires .  ' I  
wedge bonded. Four  
The devices used for this tes t  w e r e  
The SEM analysis  of bonds that had 
(See f igures  2 through 7. ) The rough appearance  of the wire  
B. THE RMOMECHA NICA L E F F E C T  
It is  known that abrupt changes in c r o s s  sect ion of the wire ,  
due to the bonding operation, cause a significant reduction in fatigue 
s t rength.  
ASR-69-60, which s ta tes  the following: "Analysis indicates that the 
high t empera tu re  thermocompress ion  wedge bond c r e a t e s  local plastic 
hinges a t  the heel of the bond which plastically deform under  very  smal l  
loads.  Because of e lec t r ica l  c learance requi rements ,  a sha rp  local 
ver t ical  rise i s  a l so  formed at the heel during the bond. This r i s e  
causes  misal ignment  of the center  l ines in a region of varying c r o s s  
sect ions.  The  s t r e s s  concentration effects, res idua l  s t r e s s e s ,  and 
ma te r i a l  property degradation negate the development of a n  endurance 
l imit  ( threshold s t r e s s  below which a n  infinite life cycle may  be achieved).  
The high ductility of the region allows l a rge  deformations without f r ac tu re .  
However, r e v e r s a l  of the s t r a i n  on each cycle resu l t s  i n  c reep  and 
reduction of the c r o s s  section area on each the rma l  excursion until 
c racks  form and fa i lure  resu l t s .  " 
This  i s  fur ther  discussed in MSFC memorandum S&E-ASTN- 
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Figure  2. Manufacturer  "A" 2N2222A, F r o m  Ignition 
P h a s e  T i m e r ,  Typical T .  C .  Wedge Bond 
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Figure  7 .  Manufacturer  "A" 2N2222A, T.  C. Wedge Bond, 
Emi t t e r  Bond, Microcracks  a t  Heel  After  4700 
P o w e r  Cycles .  Device Elec t r ica l ly  Sti l l  Good. 
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T o  establ ish the extent to which the rma l  deformation caused by 
the t empera tu re  differential  (1S.T) i n  the sys t ems  produces motion of the 
Al interconnecting w i r e ,  power cycling t e s t s  w e r e  conducted a t  various 
combinations of power leve ls ,  c u r r e n t ,  and cycling t ime.  Such t e s t s  
were  performed i n  1966, by  A.  C .  Electronics .  A s u m m a r y  of the 
t e s t  r e s u l t s  i s  shown i n  table 1. Since this data  was made  available 
to u s ,  the t e s t s  w e r e  not repeated.  
F igure  8 shows that lead movement was  caused by the combina- 
In fact ,  emi t te r  lead movement was visually detected under 80X 
tion of Joulian heating i n  the leads  (1'R) and power dissipation i n  the 
chip. 
magnification a t  204 m W  of power dissipation and a col lector  cu r ren t  
of 365 mA. 
to cause the same movement. The  t r ans i s to r  under t e s t  was manufactured 
by  Manufacturer "A 'I , par t  number 1006323 having 1-mi l  Al interconnec-  
ting l e a d  w i r e s .  
At 400 mW, only a collector cu r ren t  of 90 mA was required 
A.  C .  Electronics  found that the cur ren t  required to fuse 1-mil 
AL lead wi re  ranges f rom 1 . 2  to 1 . 9  amperes  depending on the l e a d  
length, the sho r t e r  the lead ,  the g r e a t e r  the cu r ren t  capability. A 60- 
mil-long lead, which is  typical for  this t r a n s i s t o r ,  fused a t  a cu r ren t  
of 1 . 4  a m p e r e s .  
6. POWER CYCLING TEST 
Since the power cycling t e s t s  performed by MSFC confirmed the 
studies made by  A.  C .  Elec t ronics ,  Motorola 's  Applied Science Depar t -  
ment,  Massachuset ts  Inst i tute  of Technology and Raytheon Company'.; 
Space and Information Systems Division, no fur ther  investigation was 
performed.  Instead, the effort a t  MSFC was directed towards the 
establishment of operation l imi t s  for  the present  devices .  
performed a SEM study of bond degradation. 
MSFC a l s o  
T o  establish operation l imi t s ,  paral le l  t e s t s  w e r e  conducted by 
MSFC and Manufacturer "A" . 
"A" began power cycling tes t s  a t  various operating conditions on devices 
using 0.001-inch d i ame te r  AL interconnecting lead wi re  and T .  C. wedge 
bonds, while MSFC began power cycling t e s t s  on  devices  using 0.001- 
inch d i ame te r  AL wi re  ul t rasonical ly  bonded, and devices  using 0 .0007-  
to 0. OOl-inch d iameter  gold (Au) T .  C. bonds. Table  2 summar izes  the 
r e su l t s  of the, t e s t s  performed by  Manufacturer ''A" . 
by MSFC a re  summar ized  i n  table 3. 
At the request  of MSFC, Manufacturer 
The t e s t s  performed 
10 
Table 1. Power  Cycling Tes t  Results 
*No movement was detected.  
NOTE: Power  cycling conditions under which emi t te r  lead measurement  
i s  detectable under 80X magnification. 
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1 .  MSFC TEST PROGRAM 
The  following groups of devices  were  power cycled a t  
conditions specified below and using the c i r cu i t  configuration shown 
below. A s u m m a r y  of power cycling t e s t s  is  given i n  table 3 .  
a. Ultrasonic Bonding Systems of A1 wi re  to 
Metallization 
(1) Group 1 
Sample Size = 69 2N2222A t r a n s i s t o r s  
PT = 500 mW (Maximum Rated Power )  
TA = 25O f 3 O C  
IC = 50 m A a n d  VCE = 10 V 
P o w e r  on = 3 minutes  
P o w e r  off = 3 minutes 
Tota l  number of cycles = 83,070 
(2)  Group 2 
Sample  Size = 25 2N2222A t r a n s i s t o r s  
PT = 100 mW 
TA = 25O 2 3OC 
IC = 50 mA and VCE = 2 V 
Power  on = 1 minute 
Power  off = 1 minute 
Tota l  number of cycles = 111,750 
15 
(3) Group 3 
Sample S ize  = 25 2N2222A t r ans i s to r s  
PT = 2 5 m W  
IC = 10 mA and VCE = 2. 5 V 
P o w e r  on = 1 minute 
P o w e r  off = 1 minute  
Tota l  Number of cyc les  = 113,460 
TA = 25' 3OC 
(4) Group 4 
Sample Size = 2 5  2N2222A t r ans i s to r s  
PT = 2 0 m W  
TA = 85O 3OC (oven) 
IC = 10 mA and VCE = 2 V 
P o w e r  on = 1 minute 
P o w e r  off = 1 minute 
Tota l  number of cycles  = 113,460 
NOTE: In group 4 the devices  are  i n  a s teady-  
s ta te  environmental  condition of 8 5 O  t 3OC 
during both the on and off period of power 
c yc ling. 
b. T .  C. Bonded Sys tems of Au w i r e  to  Al  Metall ization 
(1) Group 5 
Sample Size = 19 2N2222A t r ans i s to r s  
PT = 500 mW (Maximum Rated Power )  
TA = 25O f 3OC 
IC = 50 mA and VCE = 10 V 
Power  on .- 3 minutes  
P o w e r  off = 3 minutes  
Total  number of cycles  = 44, 590 
(2)  Group 6 
Sample Size = 13 2N2222A t r ans i s to r s  
PT = 500 m W  (Maximum Rated Power )  
TA = 25O t 3OC 
16 
IC = 50 mA and VCE = 10 V 
Power  on = 3 minutes 
Power  off = 3 minutes 
Total  number of cycles = 78,750 
(3)  Group 7 
Sample Size = 49 S2N910 t r ans i s to r s  
P T  = 500 mW (Maximum Rated Power )  
TA = 25'+3OC 
IC = 50 mA and VCE = 10 V 
P o w e r  on = 3 minutes  
P o w e r  off = 3 minutes 
Total  number of cycles = 63,040 
(4)  Group 8 
Sample Size = 98 S2N718 t r ans i s to r s  
PT = 500 m W  (Maximum Rated Power )  
TA = 2 5 ° i 3 0 C  
IC = 50 mA and VCE = 10 V 
P o w e r  on = 3 minutes 
Power  off = 3 minutes 
Total  Number of Cycles = 67,200 
2 .  THE METHOD O F  LEAST SQUARES 
A plot of cumulative percent of fa i lures  versus  device 
cycles 
and repeti t ion r a t e s  is  shown in f igure  9. 
"A" 2N2222A (Al) T .  C. bond were  not well, cor re la ted .  
method was used to de t e rmine  the slope of the correlated data ,  
operated for  devices  operated under  the s a m e  power cur ren t  
The  data for  the Manufacturer  
The least  squares  
Table  4 shows how the leas t  squa res  line was fitted to 
the data.  
In o r d e r  to have the Line y1 = a t b x  sat isfy the c r i t e r ion  
of least  squa res ,  the constants (a )  and (b) mus t  be such that 
n 
C (yi - yi1)2 is as smal l  a s  possible.  
i = l  
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The constants (a) and (b) can be obtained by  solving the  following two 
simultaneous equations,  called the n o r m a l  equations : 
Zyi  = a - n t b -  Txi 
I'xi yi = a. Cxi tb. Fxi2 
where :  
b =  n (Txiyi) - (Txi) ( r y i )  - 7 (714,360) - 45,280 (87.3)  
7 (36,797 x lo4 )  - (2050 x 106) n(Txi2) - (7xi)Z 
= 19 .9  10-4 
a = r y i  - b(rxi)  = (87 .3)  - (19.9 x (45,280) = -0 .4  
n 7 
the r e fo re  : 
y l  = - 0 . 4  t (19.9 x 1 0 - 4 ) ~  
X y l  
0 
2 ,000 
4 , 0 0 0  
6 ,000  
1 0 , 0 0 0  
- 0 . 4  
3. 58 
7 .  56 
11.54 
19. 5 
Although the Manufacturer  "B" u l t rasonic  bonds did not fail as  
e a r l y  as  the Manufacturer  "A" T .  C .  bonds, the r a t e  of fa i lure  of the 
Manufacturer  "B" u l t rasonic  bonds a f t e r  the ini t ia l  fa i lure  is  about the 
s a m e  a s  that experienced by the Manufacturer  "A" T. C .  bonds. 
i s  i l lus t ra ted  by the fact  that the two plots a re  nea r ly  paral le l .  
This  
3 .  SEM 
T h r e e  devices  f r o m  group 1 (serial numbers  74, 75, and 76) 
w e r e  decapped and analyzed by  the SEM, before  and  dur ing  power cycling 
as well as a f t e r  fa i lure .  
Fa i lu re  of device s e r i a l  number 74,  which is i l lustrated in 
f igures  10 through 12, was attr ibuted to a n  open base post bond a f t e r  16,200 
power cycles .  The  fa i lure  mode  is shown in  f igure 12. 
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Figure  12. Manufacturer  "B" 2N2222A, Se r i a l  Number 
74 ,  Base  P o s t  Bond, Ultrasonic .  Open a t  The 
Heel  After  16 ,200  P o w e r  Cycles .  
F a i l u r e  of the device,  s e r i a l  number  75 ,  was at t r ibuted to 
open e m i t t e r  and base bonds a t  the hee l ,  as shown in  f igures  19 and 20. 
It is  a l s o  in te res t ing  to note the de te r iora t ion  (granular  appearance)  in  
the A1 metal l izat ion as function of the power cycling. 
through 15. ) 
(See f igures  13 
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Device, s e r i a l  number  76, exhibited the s a m e  fa i lure  mode 
and mechanism as device s e r i a l  number 75. Cracks  in the heel  of the 
bonds w e r e  found a l so ,  before the power cycling tes t .  
18 depict c lear ly  the increas ing  depth of the m i c r o c r a c k s  as a function 
of the power cycling. 
F igures  16 through 
1560X 
Figure  16. Manufacturer  "B" 2N2222A, Se r i a l  Number 
76, Emi t te r  Die Side Bond, Ultrasonic.  
Evidence of Mic roc racks  a t  the Heel Before  
Power  Cycling 
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The post wi re  bonds i n  all th ree  devices w e r e  good with the 
exception of the base  post bond of device s e r i a l  number 74. 
Also,  a t  the end. of the power cycling t e s t ,  a random sample  
was taken f rom each group of the devices that survived the tes t .  The 
sample  was analyzed by the SEM and i t  was found that electrically-good 
ul t rasonical ly  bonded devices had deep m i c r o c r a c k s  a t  the hee l  of the 
bonds, such that the e l ec t r i c  continuity was about to be broken. It is  
interest ing to note that degradation of bond integri ty  i s  a function of the 
power and cu r ren t  level,  as  well as repeti t ion r a t e s .  
under the SEM, devices f rom groups 1, 2 ,  and 3 appea r  as shown in  
f igures  19 through 21. 
3 which w e r e  power cycled under l e s s  strenuous conditions (power cu r ren t  
and repeti t ion r a t e s ) ,  when compared to group 1, did not exhibit bond 
degradation a t  the heel  a f t e r  133,430 cycles.  
m a r k s  shown in figures 19 through 21 have the s a m e  appearance  and depth 
a s  shown in previous photographs for  devices scanned with the SEM before 
the power cycling tes t .  
When examined 
It can  be noted that the devices  i n  groups 2 and 
The  m i c r o c r a c k s  o r  tool 
4. BOND PULLING TEST 
At the end of the power cycling t e s t ,  a bond-pull t e s t  was 
performed to investigate the s t rength of the 1 -mi l  d iameter  A1 and 1 -mi l  
d iameter  Au interconnecting lead  wires .  The  pull t es t  was performed on 
all bonds in  the devices that underwent SEM analysis ,  plus a l l  remaining 
devices of group 3 .  
Tes te r .  A thin molybdenum w i r e  hook was careful ly  positioned under  the 
Loop of the interconnecting lead wire  about midway between the die  bond 
and the post bond of the t r ans i s to r  mounted on a fixed stage.  The hook 
was attached to a retained reading dynamometer  which was motor -dr iven  
a t  a constant angular velocity to apply a uniform loading ra te .  
ra te  used to pull the 1-mil  wire  was 0 . 2  g r a m s  per  second. 
The pull t es t  was performed using a Micro  Bond 
The  loading 
The  fai lure  loads for  1 -mi l  A1 l ead  wire  in  the TO- 18 
packages were  found to be in  the range of 3 . 0  to 4 .  0 g r a m s  for leads that 
a r e  ul t rasonical ly  bonded to a sys tem consisting of A1 metall ization on 
the die and Au-plated Kovar package posts .  The  fa i lure  loads for  1-mil  
Au lead wire  in  the TO-18 packages were  found to be i n  the range of 4. 5 
to 5. 5 g r a m s  fo r  leads that a r e  T . C .  bonded in the s a m e  metall ization 
sys tem as above. The resu l t s  of the bond pulling tes t  are  presented i n  
table 5. 
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SECTION 111. CONCLUSIONS 
If significant m i c r o c r a c k s  o r  tool m a r k s  are present  a t  the heel  
of T. C .  wedge bonds on 1-mil  A1 wire ,  the bonds will fail when subjected 
to the s t r e s s e s  of low frequency power cycling. 
as 1600 cycles per formed under  the conditions descr ibed i n  figure 9 ,  if 
the tool m a r k s  have caused  a significant reduction in c r o s s  section of 
the wire .  
but using 0. 001 inch d i ame te r  A1 wire  ul t rasonical ly  bonded, may s t a r t  
to exhibit fa i lures  due to me ta l  fatigue a t  approximately 8 ,000  cycles ,  
i f  the above stated m i c r o c r a c k  and tool m a r k  conditions exist  and they 
continue to fail with a n  approximate ly  constant fa i lure  ra te .  
cyc les ,  the bonds in  the surviving devices are so weak that they can be 
pulled apa r t  with forces  of 0 to 2. 0 g r a m s .  
bonded Au interconnecting wire  withstood the s a m e  power cycling conditions 
much bet ter  than ei ther  T. C. o r  ul t rasonical ly  bonded A1 wire .  
total  of 179 Au wire  devices  tested (groups 5, 6 ,  7 ,  and 8)  there  were  two 
fa i lures ,  one a t  19,880 cycles  and another a t  42 ,060  cycles .  
virtually no degradation in the Au wire  bond s t rength as a resu l t  of 
power cycling. 
bonds withstood forces  of 4.  5 g r a m s  o r  g rea t e r  except for one post bond 
that broke  a t  1. 5 g r a m s .  
Fa i lu re  may occur  as ea r ly  
Devices subjected to the s a m e  power cycling conditions, 
After  45 ,000  
Devices using 1-mil  T. C .  
Out of a 
T h e r e  was 
This i s  demonstrated by the bond-pull t es t s  where  all 
It is concluded that i n  o r d e r  for  devices using 1-mil A1 wire  to 
be used safely in  power cycle  type applications,  ve ry  close control of the 
bonding process  mus t  be maintained to a s s u r e  that tool m a r k s ,  m i c r o -  
c racks ,  o r  insufficient cross-sectional a r e a s  are  not present on the 
hee ls  of the bonds. 
the above have not been determined,  but a study i s  being initiated in  a n  
attempt to identify them. Also,  by comparing groups 1, 2,  and 3 of 
table 3 ,  i t  is shown that devices in  groups 2 and 3 which were  power 
cycled a t  100 mW o r  l e s s  exhibited a significantly lower fai lure  r a t e  
as compared to group 1. 
l e s s  than 100 mW total  dissipation a t  cur ren ts  below 50 mA do not 
significantly degrade  device reliabil i ty.  
The  methods o r  degree  of control n e c e s s a r y  to prevent 
It m a y  be concluded that applications requiring 
It is a l so  concluded that the devices using 1-mil  Au interconnecting 
wi re  a re  not significantly degraded when subjected to extensive power 
cycling . 
3s 
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